The functional and anatomical rearrangements of cortical sensory maps accompanying changes in experience are not well understood. We examined in vivo and in vitro how the sensory map and underlying synaptic connectivity of the developing rat barrel cortex are altered when the sensory input to the cortex is partially deprived. In the nondeprived cortex, both the sensory responses and synaptic connectivity between columns were strengthened through an increase in the synaptic connection probability between L2/3 pyramids in adjacent columns. This was accompanied by a selective growth of L2/3 pyramid axonal arbors between spared columns. In contrast, deprived and nondeprived cortical columns became weakly connected in their L2/3 pyramid connections.
Activity-dependent cortical plasticity contributes to organizing the representation of sensory information in well-ordered maps. Experience-dependent plasticity has been examined extensively in the visual cortex (1) (2) (3) . Such experiments and related ones in somatosensory cortex have indicated that electrical activity and competition between the different sensory inputs can contribute to specifying the map (4 ) . However, the difficulty in defining the visual cortical map in vitro and lack of an anatomical reference point in vivo have so far limited the study of what changes occur at the level of synaptic connections between specific classes of neurons in different cortical layers (5, 6 ) . The neocortical somatosensory map representing the whiskers of rats is exceptionally well delineated by the layer 4 barrel pattern, which is isomorphic to the layout of the whiskers on the rodent snout (7 ) . Barrels can be visualized in acute, living brain slices, allowing the neocortical circuits of specific regions of the sensory map to be investigated in detail (8, 9) . Large-scale representational plasticity can be induced by simply trimming or plucking whiskers (8, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Receptive fields can expand when all or all-but-one of the whiskers are trimmed (10) (11) (12) (13) (14) , but subtle differences in behavior can reverse the expansion into a contraction (14 ) . In a "pairing" paradigm of two neighboring spared whiskers, sensory responses are enhanced be-tween the spared whiskers (15 ) . However, the detailed synaptic and anatomical changes underlying specifications of cortical maps are not clear. We combine in vivo analysis of response properties and sensory maps with in vitro analysis of synaptic connectivity to derive a mechanistic view of how synaptic changes lead to alterations in a sensory map. We used a partial deprivation protocol related to the pairing paradigm, in which we spared whiskers of rows D and E (thus, these could be considered as "paired" whisker rows) while trimming whiskers of rows A, B, and C ( Fig. 1, A and B) . Deprivation began at postnatal day 7 (P7) and whiskers were trimmed every day for at least 10 days. The neuronal networks activated by the spared D-row whiskers are particularly interesting to investigate because they are flanked by cortex deprived of sensory input on one side and nondeprived cortex receiving normal sensory input on the other.
First, large-scale changes in the representation of D-row whiskers in layer 2/3 were investigated in vivo by voltage-sensitive dye (VSD) imaging with RH1691 ( Fig.  1 , C and D). Fluorescence signals from this indicator under our experimental conditions correlate very closely with subthreshold postsynaptic potentials (PSPs) in layer 2/3 pyramidal neurons (21, 22) . The D2 whisker was deflected for 2 ms, and the first sensory response in layer 2/3 was observed 12 ms later in the D2 column. This rapid initial response was not different between animals with intact whiskers and partially deprived animals, suggesting that the afferent signaling pathway from the whisker to the cortex is unaffected by the deprivation. The initial VSD signal was limited to the lateral extent of the D2-barrel column ( Fig. 1 , C to F). During the next tens of milliseconds, the response expands over a much larger area of cortex through local intracortical synaptic activity (21, 22) , and it is this later part of the response that is substantially altered by sensory deprivation. We examined the asymmetrical spread of synaptic excitation across the columns representing the arcs of whiskers because the C columns are deprived but the E columns are not. In animals with intact whiskers, the signal spread from the D columns preferentially toward the C columns. For these control animals, the ratio of the E2 to C2 VSD response was 0.75 Ϯ 0.22 (mean Ϯ SEM, n ϭ 7; measured at 50 ms after stimulus and quantified across a 200m by 200-m area centered on the E2 or C2 column, respectively). This bias toward the C-row column was reversed in partially deprived animals such that excitation evoked by stimulation of the D2 whisker spread preferentially toward the E2 column with a ratio E2/C2 ϭ 1.84 Ϯ 0.28 (mean Ϯ SEM, n ϭ 9; significantly different from control animals,
Next, we investigated the cellular basis of such large-scale changes in the spatiotemporal dynamics of cortical sensory maps with in vivo whole-cell recordings from barrelrelated L2/3 pyramidal neurons (21) (22) (23) .
In one set of in vivo experiments, wholecell recordings were targeted stereotaxically toward the region of the barrel cortex representing the posterior B-and C-row whiskers. The average PSP amplitude evoked by stimulating D-row whiskers measured at 50 ms was reduced to about half in deprived animals [averaged across all stimulated whiskers (D1 to D4): 1.63 Ϯ 0.24 mV (n ϭ 17) in animals with intact whiskers versus 0.9 Ϯ 0.24 mV (n ϭ 16) in partially deprived animals, P Ͻ 0.05, Student's t test; average for the best D-row whisker: 4.41 Ϯ 0.62 mV (n ϭ 17) in control animals versus 2.32 Ϯ 0.55 mV (n ϭ 16) in partially deprived animals,
In the second set of experiments, wholecell recordings were targeted in vivo to the C2 and E2 columns based on the location of the D2 column determined functionally by VSD imaging. In each animal, whole-cell recordings of L2/3 pyramidal neurons were made from both the C2 and the E2 columns ( Fig. 1 , G to N), allowing comparison of the relative response amplitudes to D2whisker stimulation in each animal. Care was taken to record from neurons located at equal distances from the center of the D2 column. In the C2 column of partially deprived animals, we again observed a reduction in amplitude of PSPs evoked by D2 whisker stimulation [9.2 Ϯ 0.96 mV (n ϭ 8) in control animals versus 3.7 Ϯ 1.1 mV (n ϭ 8) in partially deprived animals; P Ͻ 0.05 (24 ) ]. Furthermore, we found an increase in the amplitude of PSPs recorded in the E2 column of the spared cortical area of the partially deprived animals [6.2 Ϯ 1.0 mV (n ϭ 8) in control animals versus 9.4 Ϯ 2.0 mV (n ϭ 8) in partially deprived animals; P Ͻ 0.05, Student's t test]. The ratio of response amplitudes E2/C2 was 0.70 Ϯ 0.33 (n ϭ 8) for animals with intact whiskers but 2.54 Ϯ 0.86 (n ϭ 8) for animals with partial whisker trimming (P Ͻ 0.05). The whole-cell data from individual L2/3 pyramids are thus consistent with the VSD imaging results from the population of L2/3 cells. Thus, the layer 2/3 pyramidal neuron sensory map is specified during development to preferentially distribute sensory information to the nearby cortical columns processing the most similar input, which in this experimental paradigm are the neighboring nondeprived cortical columns [see also (25) for alternative whisker-trimming paradigms].
Having defined the experience-dependent induction of asymmetry of the sensory response in vivo, we next investigated whether such a change could be demonstrated using in vitro slices of barrel cortex. First, we imaged the spread of excitation with VSD RH155 in thick tangential brain slices comprising ϳ100 m of upper layer 4 and ϳ400 m of layer 2/3 (Fig. 2 , A and C). Electrical stimulation of the D2 barrel evoked a VSD response restricted primarily to the stimulated column with a much more limited spread of excitation into adjacent columns than was observed in vivo. The spread of excitation into adjacent columns was quantified, and an asymmetry along the arc was observed. Responses in partially deprived animals (but not in animals with intact whiskers) preferentially spread into the spared E-row column [ratio of VSD signal E2/C2 was 0.87 Ϯ 0.067 (n ϭ 19) in animals with intact whiskers and 1.54 Ϯ 0.23 (n ϭ 21) in animals with partial whisker-trimming; P Ͻ 0.05, Student's t test].
To investigate the laminar structure of the activity-dependent differences in local circuits between animals with intact and partially trimmed whiskers, we used coronal cortical slices in which barrels representing whisker rows A to E could be visualized (8) . Stimulation of layer 4 in the D column with an extracellular electrode (26 ) evoked an early column-restricted response in both control ( Fig. 2B ) and partially deprived animals (Fig. 2D ). The VSD image measured during the first 10 ms of the response did not differ between control and partially deprived cortices. Later, the VSD signal spread laterally within layer 2/3 (but not layer 4), and this late lateral spread in layer 2/3 differered between animals with intact and partially trimmed whiskers. In partially deprived animals, activity spread preferentially toward the spared E row [E/C ϭ 0.97 Ϯ 0.11 (n ϭ 20) for control animals; E/C ϭ 1.43 Ϯ 0.19 (n ϭ 20) for deprived animals; P Ͻ 0.05, Student's t test). Thus, the observed change in the sensory map is likely to occur primarily through synaptic alterations of the layer 2/3 neuronal network.
To examine changes at the level of individual synaptic connections, we made simultaneous triple recordings in L2/3 between pyramids located in C, D, and E columns (Fig. 3) . Care was taken to locate the postsynaptic neurons at an equal distance from the center of the D column, where presynaptic neurons were stimulated. Action potentials were evoked in individual pyramidal neurons located in the D column in the loose-patch configuration (9) to test for synaptic connections onto the two target neurons recorded in the wholecell configuration located in the C column (or the L2/3 C-D septum-related region) and E column (or L2/3 D-E septum-related region). A total of 1034 pairs of neurons were tested (532 pairs in 12 animals with intact whiskers, 502 pairs in 12 partially deprived animals). The mean unitary excitatory postsynaptic potential (EPSP) amplitude of excitatory connections originating from D-column pyramids was largest with C columns in animals with intact whiskers. In contrast, excitatory synaptic connectivity between D and E columns was stronger in animals with partially trimmed whiskers (27 ) . The probability of finding neuron pairs connecting D to E columns was increased by 81% (0.10 Ϯ 0.02, n ϭ 12 control animals; 0.18 Ϯ 0.06, n ϭ 12 partially deprived animals; P Ͻ 0.05, Student's t test) in the spared columns of partially deprived animals without a significant change in mean unitary EPSP amplitude. In contrast, the mean unitary EPSP amplitude decreased by 44% (181 Ϯ 58 V, n ϭ 12 control animals; 102 Ϯ 19 V, n ϭ 12 partially deprived animals; P Ͻ 0.05, Student's t test) for connections between the D-and the deprived C-row column in partially deprived animals, without a significant change in the rate of finding connected pairs.
Finally, anatomical reorganization can accompany cortical plasticity (3, 12, 16, 17, 28) . We therefore investigated possible changes in the development of axonal and dendritic arbors of pyramidal neurons induced by partial sensory deprivation.
We made three-dimensional computeraided reconstructions of the dendritic and axonal arbors of L2/3 pyramidal neurons recorded in vivo that had their soma located in the D2 column (Fig. 4) . The dendritic indicates that the probability of finding connected pairs of L2/3 pyramids from D row to E row is increased by ϳ80% following partial deprivation. "uEPSP -40%" indicates that the amplitude of unitary EPSPs is on average decreased from D row to C row by ϳ40% following partial deprivation. arbors were similar in animals with intact and with partially trimmed whiskers. However, pronounced differences were found in the distribution of axon collaterals in L2/3 along the adjacent C and E columns. In the partially deprived cortex, there were more axonal branches of D-row pyramids projecting into the spared E columns, leading to a prominent expansion of the axonal density profile into the E-row territory (white contour lines in Fig. 4 ). The axonal length in the C and E columns was quantified for each cell, and an asymmetry index was calculated ranging from -1 [only axon in C columns, none in E columns) to ϩ1 (only axon in E columns, none in C columns (29) ]. In control animals, this axonal asymmetry index was -0.21 Ϯ 0.30 (n ϭ 8), showing that in animals with all whiskers intact, the axons of D columns preferentially target the C columns. In partially deprived animals, the axonal asymmetry index favored the E column with a value of 0.24 Ϯ 0.12 (n ϭ 8), which is significantly different from that of control animals (P Ͻ 0.05, Student's t test).
For D-column pyramidal cells, the total axonal length in the E columns in partially deprived animals increased to 210% of the value in control animals. In contrast, the total axonal length in the C row was reduced by 23%. Independent of sensory experience, we observed a ϳ5-m spacing between boutons (30), suggesting that the quantification of axonal length may provide a reasonable estimate of changes in anatomical synaptic connectivity. These changes in total axonal length were accompanied by differences in the number of axonal branch points. The spared E-row columns of partially deprived animals had 335% more branch points than E-row columns of control animals. In contrast, the deprived C row had 46% fewer branch points (31) . The activity-dependent regulation of axonal growth during development thus appears to be mediated primarily by the number of branches, rather than the length of individual axonal segments.
These anatomical measurements thus suggest that layer 2/3 pyramidal neurons in the D columns of partially deprived animals establish more synapses with pyramidal neurons in the E columns. This anatomical change during development is very likely to contribute to the increased functional connectivity observed by our electrophysiological and VSD-imaging measurements. The effects of partial sensory deprivation examined here cover a critical period in the development of layer 2/3 barrel cortex, which coincides with intense axonal collateralization of the pyramids in L2/3. Indeed, the same deprivation protocol used in this study but applied to adult rats does not generate measurable changes in the sensory map with voltage-sensitive dye (32) .
The experience-dependent specification of a sensory map during early postnatal development described here also differs from another form of map plasticity, in which areas representing active inputs expand at the expense of those with inactive inputs. In our experimental paradigm, the deprived cortex may instead be recruited by the competing somatosensory signals carried by the paralemniscal/septal signaling pathway (19) . The mechanisms that we describe here may also underlie the formation of axonal arbor patches in the cat primary visual cortex. Here, cortical regions receiving similar, orientationselective inputs are anatomically connected to each other (33) (34) (35) .
In summary, we find that the experiencedependent specification of a sensory map during development is based on at least two cellular mechanisms. The decreased connectivity of L2/3 pyramidal neurons in cortical areas receiving uncorrelated input results mainly from a functional change in synapses characterized by decreased unitary EPSP amplitudes. In contrast, the increased connectivity between areas receiving correlated synaptic input is a consequence of a selective increase of axonal arborization of L2/3 pyramids.
